Vasoconstrictor responses to norepinephrine were determined during constant flow perfusion with warm Krebs solution in dog mesenteric arteries. The arteries were then stored 20-24 hours at 3°C in one of the following isosmotic solutions: Krebs, complex K (KC1, CaCl 2 , KHCO 3 , and glucose), NaCl, KC1, sucrose, or mannitol. After storage, arteries were again perfused with warm Krebs solution, and vasoconstrictor responses to norepinephrine compared to prestorage control responses. Tissue levels of Na + and K + were determined before cold storage and after 0-35 minutes of poststorage perfusion with warm Krebs solution. Storage of arteries in mannitol or sucrose solution reduced their Na + and K + content, and during poststorage perfusion with warm Krebs solution their responsiveness gradually improved as they rapidly (within 5 minutes) regained Na + and slowly regained K + . Arteries stored in NaCl solution were initially more responsive than those stored in electrolytefree solutions during poststorage perfusion with warm Krebs solution, and their responsiveness also improved as they regained K + . Arteries cold-stored in K + -containing media (KC1 and complex K solutions) quickly regained Na + , and their responsiveness exceeded prestorage values with 11 minutes of poststorage perfusion with warm Krebs solution. Since these data indicate that artery responsiveness may be related to tissue levels of both Na + and K + , efforts were made to establish minimal levels of each ion required for "normal" responsiveness. The critical level of Na + appears to be approximately 30 /tEq Na/g dry weight; the minimal effective K + content is apparently near 20 /xEq K/g dry weight. If arteries contain at least minimal levels of K + and an excess (over 100 yuJEq/g) of Na + , the magnitude of their responses to vasoconstrictor stimuli is exaggerated.
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• When vascular smooth muscle is refrigerated in physiological salt solution overnight or longer, vascular response to vasoconstrictor stimuli is often increased. Artery segments stored in cold salt solutions tend to increase their intracellular sodium ion content at the expense of intracellular potassium (1, 2) .
These facts pose the question of the relationship between the vascular smooth muscle ion content and vascular responsiveness, and at the same time suggest the possible means of exploring this relationship. Any direct correlation between tissue or cellular ionic composition and arterial responsiveness should become evident by testing arteries after cold storage in solutions chosen to selectively alter ion levels. Primary emphasis in this study was placed on the effects of the monovalent cations sodium and potassium on responses of dog mesenteric arteries to vasoconstrictor stimuli. The experiments were designed to determine how arterial responsiveness would be altered by cold storage in three types of media: high sodium, high potassium, and
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An solutions containing neither sodium nor potassium. At the same tune, controls for the influence of calcium and glucose content and pH of the storage solutions were included by using Krebs solution, complex potassium solution, and, in other experiments, by adding calcium or glucose or both to media deficient in these substances. Two different sugars were employed for the nonionic solutions because one or the other, but hopefully not both, could have exerted direct effects on arterial smooth muscle.
Methods
Mongrel dogs of either sex, weighing 8-17 kg, were anesthetized with pentobarbital sodium (30 mg/kg, iv) supplemented as required by injection through a catheter placed in a femoral vein. The small intestine was exposed by a midline abdominal incision, and ligatures were tied around the small bowel on each side of a mesenteric artery arcade. The mesenteric artery supplying that arcade was Iigated centrally 5-8 cm from its termination in the intestinal tissue and was cannulated toward the intestine with polyethylene tubing (PE 90) attached to a 10-ml syringe filled with Krebs solution. The artery was flushed with 3-5 ml of Krebs solution until the intestinal tissue between the ligatures was blanched, then a ligature was tied around the mesenteric artery and vein and associated tissue about 0.5 cm centrally from the cannula. The tissue between die more central ligature and the arterial cannula was cut, and the artery was clipped from the bowel. This procedure provided a cannulated "undissected" mesenteric artery preparation similar to that described by Rogers et al. (3) . The undissected mesenteric artery was carefully and gently dissected free from the periarterial tissues to produce the "dissected" mesenteric artery preparation employed in these experiments. These preparations are illustrated in Figure 1 .
The arteries were perfused in a nonrecirculating system with a Sigmamotor model T8 peristaltic infusion pump. The perfusion fluid was warmed to 37°C in a reservoir and aerated with 95% O 2 -5S COo. The artery was suspended from the cannula in the moist air of a chamber warmed by a surrounding water bath. Flow was established to produce an initial perfusion pressure of 80-100 mm Hg above die resistance offered by the perfusion system without the artery, and flow (usually 10-15 ml/min) then remained constant throughout the experiment, although perfusion pressure usually fell to 25-50 mm Hg within a few minutes and then remained stable throughout the experiment. Perfusion pressure was measured from a T-connecn'on between the pump and the artery with a Statham P23Db pressure transducer and was recorded on a Beckman type RB Circulation Research. Vol. XXIX, Novemker 1971 dynograph. Since flow remained constant, perfusion pressure was directly proportional to arterial resistance.
A 100-^tliter Hamilton syringe was used to inject 0.01-0.1 ml of the vasoconstrictor substance as a bolus into tubing immediately above the arterial cannula. Except in experiments in which complete dose-response curves were obtained, the dose of vasoconstrictor was that required to produce an increase in perfusion piessure of 50-100 mm Hg. Individual arteries varied in the specific dose required: for example, the range of norepinephrine doses was 0.2-2.0 fig free base. Since a complete response generally required 1 minute or less, the intra-arterial injections were made at intervals of 1-3 minutes to allow for recovery of the artery between responses. The injections were repeated until the responses produced were of uniform magnitude. This period of stabilization of response usually required about 15-30 minutes.
Once these stable control responses were obtained, the arteries were washed with 6 ml of the solution in which they were to be stored by rinsing off the outside of the artery and by pushing the solution through the arterial cannula. The arteries were then placed in 30-ml polyethylene vials containing 24 ml of the storage solution, which was bubbled with 95$ O^-5« CO 2 . The vials containing the arteries were then refrigerated at 3°C for 20-24 hours. After removal from the storage solution, the cold arteries were immediately attached to the perfusion system and were perfused with warmed, aerated Krebs solution, so that the temperature of the tissue reached control levels almost immediately from the start of perfusion. Injections of norepinephrine were again made at regular intervals of about 1-3 minutes, beginning during the first minute of perfusion, and continuing for 35-40 minutes. Flow rates of perfusion were set at those established on the previous day.
Tissue levels of sodium and potassium ions were estimated after thorough rinsing for 0.5 minutes of the arteries with sucrose solution (determined to contain < 2 mEq/liter Na + and < 1 mEq/liter K + ) to eliminate casual ion contamination. Each artery was blotted free of fluid, dried, and then digested in concentrated nitric acid. Na + and K + levels were read from a direct readout Instrument Laboratories model 143 flame photometer after dilution of each sample with LiCl internal standard solution. The ion levels were calculated as /xEq ion/g dry weight of tissue. No attempt was made to determine intracellular ion levels. Special precautions were taken to prevent ion contamination of the samples or of the various solutions during handling. The Na + and K + content of each storage solution was Drugs and chemicals used were Z-norepinephrine bitartrate (Levophed, Winthrop), epinephrine bitartrate (Suprarenin, Winthrop), angiotensin amide (Hypertensin, Ciba) and cocaine HC1. All doses are expressed as free bases.
Statistical analyses were performed by Student's (-test, paired and group comparisons (5), and analysis of variance, randomized complete block, Latin square, and completely random designs (6) . Values of P equal to or less than 0.05 were considered significant. norepinephrine and were assigned to the six storage solutions in a 6 x 6 Latin square design. Responses of the arterial segments after storage to repeated injections of prestorage control doses of norepinephrine were recorded in relation to the time of perfusion with warm Krebs solution (Fig. 2) ; epinephrine was included in this series as a test of specificity. The data were then analyzed for responsiveness to norepinephrine at each of seven time periods up to 35 minutes of warm perfusion. The time-response curves illustrated in Figure 3 indicate that arterial response after cold storage increased with the duration of the warm perfusion. The curves for arteries stored in the two high K + solutions (complex K and KC1) and for NaCl solution were somewhat flatter than those for the two nonionic solutions (mannitol and sucrose) or for Krebs solution. From 5 through 23 minutes of warm perfusion, arteries stored in K + -containing solutions (KC1, complex K, and Krebs) were significantly more responsive than arteries stored in solutions containing no K + . By 29 minutes, differences among arteries stored in the various solutions were decreased, and by 35 minutes only arteries stored in Krebs and complex K solutions were significantly different from those stored in mannitol, sucrose, or NaCl. After 35 minutes of warm perfusion, arteries that had been stored in KC1 did not differ from those stored in any other solution.
Results
Responses to
In two or three experiments with each of the storage solutions without buffer (NaCl, KC1, sucrose, mannitol), the pH was maintained near neutrality during cold storage. This was accomplished by eliminating CO 2 aeration or by adding Na 2 CO s to the NaCl solution or K 2 CO S to the KC1 solution. The results were not altered by these treatments. In other experiments, the addition of glucose or CaCl 2 to the NaCl, KC1, mannitol, or sucrose solutions did not influence the results. represent simply a shift of the dose-response curves to the right, dose-response curves of arteries after doses of norepinephrine were determined before and after storage in Krebs solution and in mannitol. The order of the norepinephrine doses was randomized in each test and, despite the fact that arterial responsiveness was constantly changing during the poststorage period, fairly reasonable dose-response curves were obtained (Fig. 4) . Storage in Krebs solution did not appreciably alter the norepinephrine dose-response curve at the time tested. Cold storage in mannitol decreased responses of the arteries at all doses of norepinephrine and decreased the maximal responses obtainable.
Responses to Epinephrine.-Responses to epinephrine during perfusion with warm Krebs solution following cold storage in mannitol, NaCl, KCl, or complex K solution were determined in relation to prestorage control responses and duration of poststorage warm perfusion. The results are presented in Table 1 . As observed with norepinephrine, after cold storage in the nonionic medium Circulation Resetrcb, Vol. XXIX, November 1971 (mannitol), arteries were initially less responsive to epinephrine than those stored in Na + -or K + -containing solutions. Arteries stored in NaCl were initially less responsive than those stored in complex K or KCl. Responsiveness of arteries stored in mannitol or NaCl increased throughout the 35 minutes of warm perfusion after cold storage, while responsiveness of arteries stored in complex K or KCl appeared to change very little if at all after the first 17 minutes of warm perfusion.
Catecholamine Inactivation Mechanisms.-Several approaches were employed to determine if the effects of overnight cold storage could be explained in terms of altered catecholamine inactivation mechanisms. In the first set of experiments (N = 8 ) , arteries were injected with KCl (5-10 mg) and with norepinephrine during the prestorage control 
Responses of mesenteric arteries to 1.0 fig (top and middle tracings) norepinephrine (N), 6 mg KCl
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Measured Na + 
and K + content of mesenteric arteries immediately after cold storage (0 min) and after different durations of poststorage perfusion with warm Krebs solution (5-35 min). Arteries were cold-stored in NaCl solution (A), mannitol solution (B), KCl solution (C) or complex K solution (D). The ion content of fresh arteries is also shown (E). Each point represents the mean of 8 animals.
periods to establish control responsiveness of the tissues to K + in relation to norepinephrine. After cold storage, responses to K + and to norepinephrine were again determined during perfusion with warm Krebs solution. The responses to KCl injections were affected by cold storage in the same qualitative manner as the responses to norepinephrine. Cold storage in mannitol, for example, initially reduced the arterial responses to both KCl and norepinephrine (Fig. 5 ) and, after storage in any of the solutions employed, the response to KCl increased with time during perfusion with warm Krebs solution.
In three experiments, one or two injections of angiotensin (0.2-0.5 yxg) were included in the prestorage control perfusions in Krebs solution. Due to rapid tachyphylaxis to angiotensin, even in the nonrecirculating perfusion system, and to the potentiating effects of angiotensin on subsequent responses to norepinephrine, only a few responses to angiotensin could be tested during either the pre-or poststorage Krebs perfusion periods. The effects of cold storage on responses to angiotensin, however, again seem roughly similar to the effects on responses to norepinephrine (Fig. 5) .
Arteries perfused during the initial prestorage testing with Krebs solution containing cocaine (1 X 1 0 "^) , stored with (N = 3 ) or without ( N = 4) cocaine, and perfused after storage with Krebs solution with cocaine, displayed the same type of poststorage behavior as arteries not exposed to cocaine. One such experiment is illustrated in Figure 5 .
Arteries from four dogs were tested for catecholamine content immediately after removal and after overnight storage in Krebs or mannitol solution. Cooling did not alter total catecholamine levels (fresh = 2.8 ± 0.3 /u.g/g; poststorage = 2.9 ± 0.3 fig/g ).
Tissue Ion Leveh.-Krtery tissue levels of Na + and K + were determined (1) in fresh arteries immediately after removal from the donor animal, (2) immediately after cold storage but before subsequent perfusion, and (3) after various intervals of poststorage perfusion with warm Krebs solution. These data are presented in Figure 6 . Fresh arteries contained 93 ± 3 fiEq K + /g and 97 ± 11 fiEq Na + /g. During perfusion with warm Krebs solution, tissue Na + levels increased slightly at first and then began to decline slightly in arteries which had been cold-stored in NaCl. 
Control
Effects of potassium or sodium deficiency on responses of mesenteric arteries to 2 fig of norepinephrine (N).
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Arteries which had been cold-stored in the absence of Na + were initially deficient in this ion, but within 5 minutes of perfusion with warm Krebs solution, Na + levels approximated control values and thereafter increased only moderately with continued perfusion. Tissue K + levels changed somewhat differently during poststorage warm perfusion. Levels of K + in arteries which had been cold-stored in KC1 or complex K solution gradually fell to approximately fresh-artery values with 23-35 minutes of warm perfusion. Arteries stored in the absence of K + (mannitol or NaCl) only slowly regained K + and even after 35 minutes of warm perfusion contained less than onehalf fresh artery levels of K + .
Critical Ionic Requirements.-Experiments were performed to determine, if possible, the absolute tissue levels of Na + and K + required for full arterial responsiveness. Before cold storage, arteries were perfused with warm Krebs solution, NaCl solution containing 2.5 mM CaClo, KC1 solution containing 2.5 mM CaCla, complex K solution or mannitol solution containing 2.5 mM CaClo. They were then cold-stored in one of these solutions and perfused the following day with one of these warm solutions. Responses to norepinephrine were determined during both perfusion periods, and tissue Na + and K + levels were measured after 5, 23, or 35 minutes of warm perfusion. Arteries perfused before and after cold storage in NaCl-CaCl 2 and cold-stored in NaCl, still retained a moderate degree of responsiveness to norepinephrine (Fig. 7) . Arteries similarly stored in KC1 and perfused before and after cold storage with warm KC1-CaCL were not responsive after cold storage. Arteries perfused before and after cold storage with KCl-CaCl 2) but cold-stored in Krebs solution maintained responsiveness after storage. These data are summarized in Table 2 . Similar experiments were performed employing all of the different perfusion and storage media. Arterial responsiveness to norepinephrine was determined during periods of alteration of tissue Na + and K + levels and compared to control prestorage responsiveness. Arteries that contained less than 20 fiEq/g of K + and less than 30 fiEq/g of Na +
were not responsive. The response of arteries that contained more than 20 /xEq/g of K + and more than 30 yxEq/g of Na + was equal to that of the control. Arteries containing K + levels of 20-100 /xEq/g but Na + in excess of 100 /nEq/g were more responsive than the control. Arteries that contained less than 20 /xEq/g of K + but more than 200 fiEq/g of Na + responded at least at control levels.
Discussion
These experiments were designed to determine how the ionic environment during cold storage of arteries affects their subsequent responsiveness to norepinephrine, whether changes in responsiveness could be explained on a basis other than altered tissue ion levels, and the probable relationship between arterial ionic content and responsiveness. The results clearly show that the effect of overnight cold storage of mesenteric arteries on their subsequent responsiveness to vasoconstrictor stimuli depended on the ionic nature of the solution in which they were stored and suggest a Cellular damage, selective alterations in catecholamine uptake or other inactivation mechanisms, or altered receptor responsiveness do not appear to be responsible for the changes in arterial responses to norepinephrine after overnight cold storage. Damage to the smooth muscle cells induced by cold storage cannot completely account for the changes observed, since poststorage arterial responsiveness approached and exceeded control levels, depending on the duration of warm perfusion after storage, and also since the changes observed depended largely on the specific nature of the storage solution. Varma and McCullough (7) reported some damage to the cell membrane of arterial cells, but only after cold storage for at least 7 days. Shibata (8) could find no significant histopathologic changes in aortic cells with cold storage up to 7 days. The experiments with KC1, angiotensin, and cocaine argue against changes in catecholamine uptake mechanisms or adrenergic receptor responsiveness as the basis for the changes in response after cold storage. Neither can these data be convincingly explained in terms of changes in affinity of the catecholamines for the alpha receptors which might occur secondary either to cold storage or to changes in gradients of sodium, potassium, or calcium ions (9) . The norepinephrine doseresponse curves obtained after storage of arteries in mannitol suggest that the changes in responsiveness reflect events subsequent to interaction of norepinephrine with the adrenergic receptors.
The change in arterial responsiveness after coki storage thus appears to result from changes in tissue ion levels during refrigeration. When the appropriate ions are available in the storage medium, the gain of Na + by arterial smooth muscle during cooling and the subsequent extrusion of the ion during rewarming seem to be linked with a converse exchange of K + (10) . As demonstrated in the current study, changing the ionic content of the cold storage medium leads to alterations of the tissue levels of Na + and K + . This report confirms the observation that poststorage vasoconstrictor responses increase as ionic gradients are progressively restored to normal (2) and may provide clues to the roles of Na + and K + as determinants of vascular muscle responsiveness. Efflux of K + from smooth muscle has been associated with increases in smooth muscle tone (11, 12) . The initial constricted state of arteries after cold storage in nonionic media would result from the augmenting effect of a low Na + environment during cold storage on efflux on K + (13) .
Arteries cold-stored in NaCl solution are relatively rich in Na and Na + (14) and are therefore deficient in K + without any increase in Na + which could be exchanged for K + during perfusion with warm Krebs solution. These arteries are initially even less responsive than arteries cold-stored in Na + -containing solutions, but the difference in responsiveness decreases after 11 minutes of warm perfusion when the cellular K + levels of arteries cold-stored in mannitol has reached 20 /xEq/g and Na + content has reached control levels. Thus, as perfusion with warm Krebs solution continues, ionic differences among arteries resulting from storage in different media become minimized (15) , and differences in responsiveness are also reduced. Arteries cold-stored in solutions containing high concentrations of K + are neither rich in Na + nor depleted of K + , and they are initially more responsive than those stored in the absence of K + and relatively quickly reach their maximal levels of responsiveness.
At first glance these data could be taken as evidence that the level of cellular K + is the more important determinant of artery responsiveness during poststorage perfusion. The role of Na + , however, must not be overlooked. As these data indicate, after exposure of the artery to warm Krebs solution, Na + is able to Circulitioa Rtiurcb, Vol. XXIX, Noftmber 1971 enter the smooth muscle tissue rapidly, perhaps by passive diffusion down a concentration gradient or by superficial association with cellular components. The entry of K + , on the other hand, proceeds more slowly, as if its penetration were somehow limited, perhaps by the rate at which K + can be transported into the cells by some active process. Thus any Na + lost by arteries cold-stored in mannitol, KC1, or complex K is restored relatively quickly, while K + lost by arteries cold-stored in mannitol or NaCl is replaced more slowly and improvement in arterial responsiveness is limited by the rate at which K + enters the cells. The tissue ion levels, particularly those for Na + , include both true intracellular ions and ions associated either with cell membranes (15) or mucopolysaccharides present in the interstitial spaces of the artery wall (16) . The role of intracellular Na + in arterial contraction is not fully established (17) , but there is evidence that Na + bound to cellular structures affects vasoconstrictor responses These studies suggest that the minimal tissue levels of K + required for full responsiveness of dog mesenteric arteries is approximately 20 £iEq/g. The critical level of Na + is apparently near 30 fiEq/g. If tissue levels of either ion fall below these values, the artery is hyporesponsive. If the tissue contains both ions in these quantities and an excess of neither, the artery is normoresponsive. If the artery contains minimal levels of K + and an excess of Na + , the artery may be hyperresponsive.
